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Opeiating systemcodeis complex. But, while substan-
tial compleity is inherentto this domain,we believethat
other compleity is causedby modularity problems. In
this paper we explore aspect-orientegorogrammingas a
meansof makingthis kind of compleity unnecessary\e
showthatsimplelinguistic constructscanbeusedto mod-
ularize prefething— an aspecof the systenthatis other
wise unclearbecauseéts implementatioris spreadoutin
thecode

1 Intr oduction

Operatingsystemshave a problemwith modularity De-
spite our bestefforts, the implementationof certainkey
elementof the systemseemdo inevitably getspreacbut
in the code. From OS/360to Windows NT, systemssuf-
fer from “unintentionalinteractions’betweermoduled7]
andrequiredevelopersto be intimately familiar with im-
plicit “patternsof interaction” betweensubsystem$10].
We believe this not only makessystemscodemore diffi-
cultto reasoraboutandchangehut alsowasa significant
barrierto incrementalcustomization(3, 5] in extensible
systemgesearch4, 2, 8, 9].

Recently the aspect-orientegrrogramming(AOP) [6]
communityhasput forth the ideathatsomeconcernsare
inherently crosscutting— by their very naturethey are
presentin more than one module. They call suchcon-
cernsaspectof the system.The goal of work in AOPis
to make it possibleto modularizethe implementatiorof
aspectdy developingmechanismshatexplicitly support
crosscuttingstructure.Severalapplicationshave success-
fully usedAOPto structurassuessuchassynchronization
andperformanceptimization[1].

The purposeof our work is to determineif anaspect-
orientedapproactcanimprove the modularity of operat-
ing systemcode. We wantto find out if our modularity
problemsare causedby crosscuttingconcerns,whether
theproposednechanismsf AOPcanseneto modularize
them,andwhetherAOP materiallyimprovesthe code.

This paperdescribesan initial experimentusing AOP
to localizetheimplementatiorof a crosscuttingconcern-
prefetchingfor mappedilesin FreeBSDv3.3. Ourinitial
resultsarepromising.We areoptimisticthatAOP maybe
ableto significantlyimprove OS modularity andhopeful
that this could supportnen work on OS structure,incre-
mentalcustomizationandextensibility.

2 Implementation overview

Before inspectingthe aspect-orienteimplementationof
prefetching the following subsectiongrovide necessary
contet regardingthe structureof the pagefault handling
path, prefetchingfor mappedfiles within this path, and
theoriginal structureof the code.

2.1 The pagefault handling path

Referencinga page of a mappedFFS file that is not

marked as residentin memory generatesan exception.
Handlingthis exceptionstartsin the virtual memorysys-

tem asa pagefault associatedvith a VM object; execu-
tion movesto FFS andis translatedinto a block-based
requestassociatedvith a file; and finally passedo the

disk systemwhereit is expressedn termsof a cylinder,

head, and sectors. The division of responsibilitiesbe-

tweenthesesubsystemss centeredaroundthe manage-
mentof their respectie representationsf data. Thatis,

corefunctionalitywithin eachcomponenprimarily deals
with controlling resourcesn termsof its own setof ab-

stractions. Pathstaken whenfault handlingin VM and
FFSareillustratedby the large ovals labeledwith func-

tion namedn Figuresl and3.

2.2 Prefetchingfor mappedfiles

Figuresl and3 arealsoannotatedvith prefetchingfunc-
tionality. Accessbehaiour of VM objectscan be de-
claredas random normal or sequentialusing the mad-
vise systemcall. This declarationis usedto plan which
pagesshouldbe prefetchedsubjectto availablememory
and contiguity of pageson disk. Oncethe prefetching
is planned physicalpagesareallocatedaccordingly Al-
locationrequiresappropriatevVM-basedsynchronization,
suchaslocking the pagemap.

Beyondthe VM layer, theaccesdehaiour of the VM
objectdetermineshow executionproceeds.Normal ob-
jectsusethe pathshavn in Figure 1, while the pathfor
sequentiabbjectsis shavn Figure3.

2.2.1 Normal accesgprefetching

By the time pagefault handlingreacheghe file system,
importantsystemstate may have changed. Normal ac-
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Figurel: The structureof the pagefault handlingpathfor objectswith behaiour declaredio be normal. Only the
top two layers,VM andFFS,areshaovn. The ovalsrepresenfunctionscomprisingthe primary pagefault handling
structurethe smallcirclesandtext in italics representhe structureof prefetching.

aspect normal _mapped_file_prefetching {

pointcut vmfault_cflow( vmnmap_t nmap ):
cflowm calls( int vmfault( map, .. )));

poi ntcut ffs_getpages_cflow vmobject_t object, vmpage_t* pagelist, int length, int faulted_page ):
cflom calls( int ffs_getpages( object, pagelist, length, faulted_page )));

/* plan the prefetching and allocate the pages */

before( vm map_t map, vmobject_t object, vmpage_t* pagelist, int length, int faulted_page ):
call s( int vnode_pager_get pages( object, pagelist, length, faulted_page ))
&& vm fault_cflowm map )

if ( object->declared_behaviour == NORMAL ) {
vm map_| ock( map );
pl an_and_al | oc_nor nal _prefetch_pages( object, pagelist, length, faulted_page );
vm map_unl ock( map );
}
}

/* three cases under which prefetching mght be cancelled for normal objects */

after( vmobject_t object, vmpage_t* pagelist, int length, int faulted_page, int valid ):
calls( valid check_valid(..) )
&& ffs_getpages_cflow object, pagelist, length, faulted_page )

if (valid)
deal | oc_al | _prefetch_pages( object, pagelist, length, faulted_page );
}
after( vmobject_t object, vmpage_t* pagelist, int length, int faulted_page, int error, int regblkno ):
calls( error ufs_bmap( struct vnode*, regbl kno, ..) )
&& ffs_getpages_cflow object, pagelist, length, faulted_page )
{
if (error || (regblkno == -1) )
deal | oc_al | _prefetch_pages( object, pagelist, length, faulted_page );
}

after( vmobject_t object, vmpage_t* pagelist, int length, int faulted_page, struct transfer_args* trans_args ):
calls( int calc_range( trans_args ))
&& ffs_getpages_cflow object, pagelist, length, faulted_page )

deal | oc_nonconti g_prefetch_pages( object, pagelist, length, faulted_page, trans_args );

}
}

Figure2: AspectCcodefor prefetchingpagedor objectsof normalbehaiour.



cesyrefetchingn FFSfirst determinesosteffectiveness
of retrieval accordingto currentsystemstate. Prefetched
pagesare synchronouslyetrieved with the faultedpage,
and consequentlymust not introduce multiple disk ac-

cesses.

There are three conditions under which FFS may
choosenot to prefetchplannedpagesfor normalobjects.
First, thefaultedpagemaybevalid by the time execution
reached=FS,in this casenoneof the plannedpageswill
be prefetchedSecondif thefaultedpageis notfoundon
disk, no pagesare prefetchedandthe pagefault may be
satisfiedby a zero-filledpage. Third, if ary of the pages
arenolongercontiguouson disk, they arenot prefetched.
As partof checkingwhetheiit will requesplannedpages,
FFSde-allocatepagedt decidesotto retrieve.

Figure 1 overviews the structureof prefetchingfor ob-
jectswith normaldeclaredaccess.The small circlesand
italicized text representhe elementsof prefetchingde-
scribedabove.

2.2.2 Sequentialaccesgrefetching

In order to aggressiely prefetchon behalf of sequen-
tially accessednappedfiles, control flow is redirected
throughthe file systemread path using ffs_read instead
of ffs.getpages This path potentially offers additional
asynchronougrefetchingwhenaccesss sequential The

pathalsorequirespageflipping buffer pagesto allocated
VM pagesn orderto avoid anexpensve copy operation.
Figure 3 illustratesthe structureof prefetchingfor ob-

jectswith sequentiabeclaredaccesswhich is described
in moredetailin Section4.2.

2.3 Prefetching structure and the original
code

Whensummarizedsabove andvisualizedasin Figurel
andFigure3, this prefetchingstructureis relatively clear
It is possibleto reasomaboutthe coordinationof activity
betweerprefetchingcodein VM andFFS.
Unfortunatelyin the original codethisimplementation
is spreadout over approximately260linesin 10 clusters
of contiguoudinesin 5 corefunctionsfrom two subsys-
tems— makingit very difficult to seethe coordinationof
prefetchingactivity. Moreover, thereareclustersof code
performingmanagemertaskson VM abstractionsitting
in FFSfunctions,which makesthe codemoreconfusing.

3 AspectC

In this experiment,we useda hypotheticalanguage As-
pectC,andhand-compiledhecodeto C. AspectCextends
C by addinglinguistic supportfor aspects.AspectCis a
simplesubsebf AspectJ1], sowe areconfidentthatit is
possiblebuild an efficient implementationwhich is part
of our presenwork. Overall, only a small portion of the

coderelieson thesdinguistic extensions.The majority of
thecodeis in regularC functions.
AspectCprovidesmechanismgor defining additional
code,calledadvice thatrunshbefole, after or around ex-
istingfunctioncalls. The centralelementf thelanguage
aremeandor designatingparticularfunctioncalls,for ac-
cessingparametersf thosecalls,andfor attachingadvice
to thosecalls. Thesemechanismsre sufficient to mod-
ularize crosscuttingconcernsbecausethey allow small
fragmentsof codethatwould otherwisebe spreadacross
severalfunctionsto be placedright next to eachother

4 Implementation using AspectC

Thefollowing subsectionpresenbur re-implementation
of prefetchingfor mappedfiles using AspectC.AspectC
itself is presentedhcrementallyon an‘as-neededbasis.

4.1 Normal prefetchingin AspectC

Figure 2 shaws our aspect-orientedmplementationof
prefetchingfor normal declaredaccess. The first two
declarationsnake valuesfrom higherlevelsof the page-
faulthandlingpathavailableto prefetchingcodein lower-
levels. The next four declarationsorrespondlirectly to
thesmallcirclesin Figurel.

The first declaration in Figure2 allows advicein the
aspecto accesshe pagemapin which prefetchingpages
must be allocated. This map is the first agumentto
vm fault.

Readingthe declaration,it declaresa pointcutnamed
vmfault_cflow, with one parametermap A pointcut
identifies a collection of function calls and arguments
to thosecalls. The secondline of this declarationpro-
videsthe details. This pointcutrefersto all functioncalls
within the controlflow of callsto vmfault, andpicksout
vmfault's first agument. The'..” in this parametetist
meanghatalthoughtherearemoreparameters thislist,
they arenot pickedout by this pointcut.

The seconddeclaration is anotherpointcut, this time
namedffs_getpagescflow, which allows advicein the as-
pectto accesshe parametellist of ffs_getpagesfor de-
allocationof plannedpages.

The third declaration definesbeforeadvicethat ex-
aminegheobjectsdeclarebehaiour, planswhatvirtual
pagesto prefetch,and allocatesphysical pagesaccord-
ingly. In plain English, the headersaysto executethe
body of this advicebeforecallsto vnodepager_getpages
andto give the body accesdo the map parametenof the
surroundingcall to vm fault.

Readingthe headerin more detalil, the first line says
thatthis advicewill run before function calls designated
following the*’, andlists five parametersvailablein the
body of the advice. The secondline specifiescalls to
thefunctionvnodepager_getpages andpicksupthefour
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Figure 3: Executionpathfor objectswith sequentiade-
claredaccess.

argumentsto that function. The third line usesthe pre-
viously declaredpointcut vm.fault_cflow, to provide the
valuefor mapthatis associatedvith the particularfault
currentlybeingserviced(i.e., from a few framesbackon
the stack).

The body is ordinary C code. The helper func-
tion plan_and.alloc_normalprefetd_pagesfurther deter
mineshow mary andwhich pagego allocate,depending
on the availability of memoryandlayoutof the pageson
disk.

The next thr eedeclarationsimplementthethreecon-
ditions under which the FFS layer can choosenot to
prefetch.In eachcasetheimplementatiorof thedecision
notto prefetchresultsin de-allocation.

The first after advice de-allocatesall pagesto be
prefetchedf thefaultedpageis now valid. This executes
after calls to ched valid, which occurwhenthe normal
pagefault pathis checkingto seewhetherthe pagehas
becomevalid. When ched valid returnsnon-zero,it is
telling thenormalpagingcodethatthepages now present
in memory In this case prefetchingadvicecancelsll the
prefetching.

The secondafter advice de-allocatesll prefetching
pagesf the faultedpageis not found on disk. This may
happenfor one of two reasons- eitheran error hasoc-
curredin which caseerror is non-zeropr thefaultwill in-
steadbe satisfiedby a zero-filledpage,in which casethe
parameteregblknofrom ufsbmapis -1. It is important
to notethatthe useof ffs getpagescflow not only makes
parametersvailableto advicethat executesafter callsto
ufs.bmap but alsoensureghatthis adviceonly executes
within this controlflow. Thatis, callsto ufs.bmapin other
pathsdo not executethis advice.

The third after advice de-allocatessome or all
prefetching pages if the contiguity of the pages
on disk has changed since being checled by
plan.andalloc_normalprefetd_pages in the VM-
layer. The helperfunctiontakesall the parameterérom
ffs.getpagescflow and calc_range, and de-allocatesary
pagesthat were originally requestedout are no longer
within theactualrangethatwill betransferred.

4.2 Sequentialprefetchingin AspectC

Figure3 illustratesthe structureof synchronougrefetch-
ing for objectswith declaredsequentiabhccess.The cor-

respondingmplementatioris shavn in Figure4.!

Whenmadviseis usedto declareaccesdehaiour as
sequentialprefetchingn FreeBSDv3.3is lessconsera-
tive. The pagefault requestautomaticallyis bumpedto a
amaximumbuffer size,andtherequesis routedthrough
ffs.readinsteadof ffs_getpages This pathnot only syn-
chronouslyfills the buffer, but possibly asynchronously
prefetchesadditionalblocks. Oncethe transferis com-
plete,the buffer pagesareflippedin orderto avoid copy-
ing to the pagesVM allocatedfor prefetching. Asyn-
chronousprefetchingrequiresdetectionof sequentiahc-
cessn thefile systemusingamarker storedin thevnode?

This aspectusesaroundadviceto divert the execution
pathto ffs readwhenaccesds sequentialpr to proceed
with ffs_getpagesotherwise. Around advicediffers from
beforeandafteradvicein thatit hascontrolover whether
or nottheadvisedfunctioncall proceedssplanned.

The after advice, which flips the pages,executesun-
der the control flow of the pointcutsffs_read.cflow and
vm fault_cflow. Thatis, it executenly whencontrolflow
hasbeendivertedalongthis specialpath.

5 Implementation comparison

To developthe AOPimplementationwe first strippedthe
prefetchingelatedcodefrom the primaryimplementation
of pagefault handling. We thenwe madesereral minor
refactoringsof the primary codestructureto exposeprin-
cipledpointsfor thedefinitionof prefetchingadvice.With
respecto Figure 1, we refactoredffs_getpagesto spavn
two new smallfunctions,ched_valid andcalc_range.

The key differencebetweenthe original codeand the
AOP codeis that whenimplementedusing aspectsthe
coordinatiorof VM andFFSprefetchingactivity becomes
clear We cansee,in asinglescreenfulthe interactionof
planningand cancellingprefetching,and allocatingand
de-allocatingpr flipping pages.In short,we wereableto
presere the context of prefetchingrelatedexecutionand
male the structureof the crosscuttingexplicit.

6 Conclusion

AOP allowed us to modularizeprefetchingand make its
structureexplicit and clear This experimentshows that
someof the compleity in OS codeis unnecessarype-
causet comesfrom impropermodularizatiortechniques
ratherthan being inherentto the domain. When cross-
cutting concernsareimplementedwithout AOP they be-
cometangled- spreadthroughoutthe codein anunclear
way. Whenimplementedvith AOR crosscuttingstructure
is clearandtractableto work with.

1The carefulreaderwill notice a small amountof codeduplication
with the previous aspectThisis deliberatefor clarity. AspectCincludes
featureghatwould allow usto eliminatethis duplication.

2Weimplementedhis in otheraspectsnot presentedhere.



aspect sequential _mapped_file_prefetching {
pointcut vmfault_cflow( vmnmap_t nmap ):

pointcut ffs_read_cflow( struct vnode* vp,
cflowm calls( int ffs_read( vp, io_info, size,
/* plan the prefetching and all ocate the pages */
before( vm map_t nmap, vmobject_t object,
cal I s( int vnode_pager_get pages( object, pageli st
if ( object->declared_behavi our == SEQUENTI AL ) {
vm map_| ock( map );

cflom calls( int vmfault( nmap,
struct uio* io_info,
bpp )));

vm page_t* pageli st,
, length,

- )
int size, struct buff** bpp ):

int length, int faulted_page ):
faulted_page )) & & vmfault_cflow map )

pl an_and_al | oc_sequenti al _prefetch_pages( object, pagelist, length, faulted_page );
vm map_unl ock( map );
}
}
/* divert to ffs_read */
around( vm object_t object, vmpage_t* pagelist, int length, int faulted_page ):

call's( int ffs_getpages( object, pagelist, length, faulted_page ))
if ( object->behaviour == SEQUENTI AL ) {
struct vnode* vp = object->handl e;
struct uio* io_info = io_prep( pagelist[faulted_page]->pi ndex, MAXBSIZE, curproc );
int error = ffs_read( vp, io_info, MAXBSIZE, curproc->p_ucred );
return cleanup_after_read( error, object, pagelist, length, faulted_page );
} else
proceed;

}

after( struct uio* io_info, int size,
calls( int block_read(..) ) & vmfault_cflow..)

flip_buffer_pages_to_allocated_vm pages( (char *)bpp->b_data,

struct buf** bpp ):

&& ffs_read_cflowm struct vnode*, io_info, size, bpp )

size, io_info);

Figure4: AspectCcodefor prefetchingon behalfof sequentiallyaccessethemorymappediles.

We are currently working to implementAspectCand
planto useit to exploreothercrosscuttinggoncernsn OS
code.We believe thatusingaspectgo localizetheimple-
mentationof key OS elementssuchasprefetching,page
replacementguality-of-servicerequirementsandothers,
couldenablesignificantimprovementsn OSstructurejn-
cludingto theability to bettersupportextensibility.
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